The solid-state NMR measurements play an indispensable role in studies of interactions between biological membranes and peptaibols, which are amphipathic oligopeptides with a high abundance of α-aminobutyric acid (Aib). 
Introduction
Antimicrobial peptides (AMPs), both naturally occurring and synthetic ones, are intensely studied as a part of the efforts aiming at the development of novel antibiotics (Bechinger 2015) . Perhaps the most important group of AMPs are peptaibols (Du et al. 2017) . Peptaibols are composed from 5 up to more than 20 amino acid residues, contain nonproteinogenic amino acids (most frequently 2-aminoisobutyric acid, Aib), their N-terminus is acetylated, and C-terminus is hydroxylated (to an amino alcohol). Typically they form helical structures, and are able to self-associate, thus forming ion-conducting pores in biological (and also in artificial) membranes (Harmouche et al. 2017) . In the related structural investigations, the solid-state nuclear magnetic resonance (SSNMR) spectroscopy measurements are indispensable (Molugu et al. 2017) . In particular, an important peptaibol Ampullosporin A, AmpA (Ritzau et al. 1997) , was thoroughly studied by the SSNMR techniques. Specifically, AmpA uniformly labeled with 15 N was analyzed in terms of its spatial orientations by analyzing the proton-decoupled 15 N cross-polarization spectra, and the PISEMA (Wu et al. 1994 ) spectra which correlated the 15 N-1 H dipolar coupling with the 15 N NMR chemical shift of the same nitrogen site (Salnikov et al. 2009a) . However, certain simplifications had to be made about the actual NMR parameters of the respective residues of AmpA. In particular, local structural effects upon the values of these parameters were neglected. It is thus of importance that the assumption about the differences in the 15 N chemical shielding between Aib
and classical amino acids was tested by careful S350 Czernek and Brus Vol. 67 measurements carried out for two small systems, namely, N-Ac- Aib-OH and N-Ac-Leu-OH (Salnikov et al. 2009b) . In this work, the available X-ray diffraction (XRD) structures of AmpA (Kronen et al. 2003) and of closely related small compounds were employed to investigate the 15 N NMR chemical shielding tensors (CSTs) of the amidic nitrogens using high-level quantum chemical calculations, which are based upon the densityfunctional theory (DFT) and which treat the crystal as an infinite system (Charpentier 2011). The principal components of the CSTs were described in terms of their magnitudes and orientations in the crystal frame. Based on this, the isotropic part of the CST, and the angles in the reference frame of the peptide bond, were extracted and compared to the available experimental data. Owing to a very good agreement between theory and measurements, the DFT values obtained within AmpA backbone are considered to be reliable for an estimation of the residue-specific effects upon the 15 N NMR parameters of the amidic nitrogen sites. The variability of this 15 N NMR data is assessed and found to be relatively small, but non-negligible. The analyses performed here are directly applicable in the SSNMR-based investigations of other peptaibols and oligopeptides. The five crystal structures specified above were subjected to the geometry optimization as follows. The starting geometry was taken from the corresponding XRD study, and while the unit-cell parameters were kept fixed, the internal coordinates of all the atoms were varied to minimize the crystal-lattice energy. The lattice energies were estimated using the so called van der Waals-aware Density Functional (vdW-DF) approach (Sabatini et al. 2012) as implemented in the QUANTUM ESPRESSO (QE) suite of codes (Giannozzi et al. 2009 ). The QE version 4.3.1 was used. The revised PBE (revPBE) functional (Hammer et al. 1999 ) was adopted, and the convergence criteria were set to (in atomic units) 1 x 10 -4 and 1 x 10 -5 for the total energy and for its gradient, respectively (for comparison purposes the four small systems were additionally optimized with the tighter convergence criteria accordingly amounting to 1 x 10 -5
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and 1 x 10 -6 ). The Monkhorst-Pack grids (Monkhorst et al. 1976 ) employed in the calculations of AmpA, N-AcAib-OH, N-Ac-Leu-OH, Ala-Gly-Gly, and Gly-Gly-Val were accordingly 1 × 3 × 1, 2 k-points; 3 × 3 × 3, 10; 4 × 2 × 1, 2; 2 × 5 × 3, 9; and 4 × 3 × 2, 8.
NMR Parameters
Also using the 4.3.1 version of the QE program package and the revPBE-vdW-DF approach, the DFT optimized structures were subjected to the calculations of the NMR chemical shielding tensors by applying the projector augmented-wave (PAW) method (Blochl 1994) . The pseudopotentials needed for the PAW-revPBE-vdW-DF computations were generated by a routine from the PSlibrary.0.3.0 version of the PSLibrary project (Dal Corso 2014). The previously established procedure (Czernek et al. 2013a) The DFT structures were also used to establish the orientation in the frame of the peptide bond of the eigenvectors associated with the respective eigenvalues of the 15 N CSTs. Here the peptide plane was defined as in the corresponding experimental study (Wadell et al. 2005) by the positions of the C α and N amid atoms of the investigated amino acid and of the carbonyl carbon C O preceding this N amid . The angle α describes the projection into the C O N amid C α plane of the eigenvector ξ 1 associated with the most shielded eigenvalue, σ 11 , of given 15 N CST. Further, the angle β is taken between a ξ 1 and the vector pointing in the direction of the bond between the corresponding N amid and its amidic proton, H amid . Finally, γ is the angle subtended between the direction of the normal to the C O N amid C α plane and the eigenvector ξ 2 associated with the mid-shielded eigenvalue, σ 2 , of given 15 N CST. In Tables 1 and 2 , the respective C O N amid C α plane is referred to as 'reference plane', while the N amid -H amid vector as 'bond vector'. 
Results
The calibration using small systems The Table 1 summarizes the experimental values together with the results of the PAW-revPBE-vdW-DF computations. In particular, the values of the theoretical counterparts to the principal elements of the two 15 N chemical shift tensors (six data points in total) were estimated using the fitting procedure outlined in Methods section (the resulting calibration is ε ii =0.9316 σ jj +203.4 ppm, with the standard error of the slope, the standard error of the intercept, the standard deviation, and the adjusted R 2 of 0.016, 1.8 ppm, 2.9 ppm, and 0.99852, respectively). This way, the differences in ε 33 , ε 22 , ε 11 between N-Ac-Aib-OH and N-Ac-Leu-OH are obtained, which accordingly amount to 14.2, 12.6, and 11.3 ppm (Table 1) . These values agree well with the corresponding differences in δ 33 , δ 22 , δ 11 (of 10.5, 9.5, and 13.0 ppm, respectively) considering the measurement uncertainty of ±2 ppm (Salnikov et al. 2009b ). In addition, the difference of the isotropic chemical shifts (12.0 ppm) is recovered using the respective ε iso values, as it amounts to 12.7 ppm ( Table 1 ). The single-crystal (SC) 15 N SSNMR measurements were performed on the amidic nitrogen of the Gly2 residues in the tripeptides Ala-Gly-Gly and Gly-Gly-Val, and revealed the orientation in the crystal frame of the eigenvectors associated with the respective principal elements of the investigated CSTs (Wadell et al. 2005) . In particular, it should be noted that the orientation of the ξ 2 may substantially differ from the direction of the normal to the peptide plane (see the values of the angle γ in Table 1 ). Taking into account the error of the determination of α, β, γ angles of ±3° (Wadell et al. 2005) , the PAW-revPBE-vdW-DF results are in a good accord with measurements (Table 1) . Consequently, the predictions made for the sites of AmpA are discussed in the next section. Also the level of agreement between the principal elements of the 15 N CSTs and of the corresponding chemical shift tensors was checked for the two tripeptides, and was found to be fairly similar to that described above for N-Ac-Aib-OH and N-Ac-Leu-OH. The calibration specified above was thus applied to all four systems to extract the ε values presented in Table 1 (an alternative parametrization based on all twelve data points would be ε ii =0.9283 σ jj +201.7 ppm, with the standard error of the slope, the standard error of the intercept, the standard deviation, and the adjusted R 2 of 0.0095, 1.1 ppm, 2.6 ppm, and 0.99886, respectively). Since the experimental uncertainty in the values of the principal components of the chemical shift tensors determined from the SC SSNMR experiments was ±2 ppm (Wadell et al. 2005) , all the ε values can be considered to be closely matching their δ counterparts (Table 1) . Importantly, practically the same results were obtained for the four small systems when the tighter convergence criteria, described in Methods and in the previous work (Czernek 2015) , were applied during the underlying revPBE-vdW-DF geometrical optimization.
Ampullosporin A As many as 395 optimization cycles were required to meet the convergence criteria of the revPBEvdW-DF geometrical optimization, which started from the solid-phase structure of AmpA (Kronen et al. 2003) . The average gradient norm per atom of the final structure was 3.4 x 10 -6 , while the maximal gradient norm at an atom (the nitrogen of acetonitrile): 8.3 x 10 -6 atomic units. The geometrical optimization was run on 16 cores of a computer with Intel Xeon® processors, and took about 79 days of CPU time (followed by analogous 74 CPU h of the chemical shielding calculation). Interestingly, this lengthy process resulted in only small structural differences between the experimental and DFT optimized structures (their overlay is in Figure 1) . The conformation of the backbone is unaltered, and changes in the positions of side chain atoms are marginal. However, the geometrical optimization of an XRD structure is considered to be a crucial step in obtaining highly accurate 15 N CST data (Czernek et al. 2013b , Kalakewich et al. 2015 , Soss et al. 2017 . For all 15 amidic nitrogens (out of which 8 belong to Aib residues) of AmpA, the values of the parameters describing the PAW-revPBE-vdW-DF 15 N CSTs (their magnitudes and orientations in the peptide frame) are collected in Table 2 . The specific atoms used in the extraction of α, β, γ angles are also listed in Table 2 (files with the DFT optimized geometries of all the systems studied here can be obtained from the corresponding author upon request). In Table 3 , the corresponding averages (together with the value of one standard deviation wherever applicable) are summarized, both theoretical and obtained experimentally (Salnikov et al. 2009b) . It should be noted, though, that the measured data are only averages, and slightly different values were used in spectral simulations carried out by the same group (Salnikov et al. 2009a) . Nevertheless, the DFT results compare favorably to experiment. Specifically, the differences in δ iso and ε iso (see Methods) between the averages for Aib and for classical amino acid residues accordingly amount to 12 and 8.7 ppm. The predicted site-specific CSTs can thus be directly employed in the simulations of AmpA in the models of oriented samples, with the goal of describing the behavior of peptaibols in membrane environments (Nagao et al. 2015) .
Discussion
The DFT calculations of the NMR parameters in periodic solids can now usefully supplement spectroscopical investigations in numerous areas of chemistry and materials science (Bonhomme et al. 2011) .
Here their accuracy was checked in the description of the 15 N chemical shielding of amidic nitrogens of Aib and classical amino acid sites in four small systems.
An inspection of Table 1 shows that the trends in measured data, of both the magnitudes and the orientations of 15 N CSTs, were quantitatively reproduced.
Moreover, employing the calibration which included only N-Ac-Aib-OH and N-Ac-Leu-OH data, it was possible to obtain fairly accurate estimates also for the investigated glycines of Ala-Gly-Gly and Gly-Gly-Val tripeptides. It is thus assumed that the results computed analogously for the 15 sites of AmpA are fully reliable. Also on the basis of the comparison between the PAW-revPBE-vdW-DF results and experiment for the small systems described above, the values of α, β, γ angles obtained for the amidic nitrogen sites throughout the AmpA backbone are supposed to be accurately predicted (Table 2 and the mean values in Table 3 ). As expected (Wadell et al. 2005) , the angle α, which represents the tilt off the peptide plane of the most shielded direction of the 15 N CST, was found to be very small. Specifically, only for two residues (Aib3 and Ala12) its value exceeds 10°, and there is no apparent trend in its variation. The values of the angle β (between the N amid -H amid bond and the most shielded direction of the 15 N CST) were calculated to lie in the interval from 13 to 20 degrees. They are thus consistent with the results for proteins, which were established from the solution NMR relaxation studies (Fushman et al. 1998) and from the NMR residual shielding measurements (Cornilescu et al. 2000) . It should be noted that these values are of importance in the NMR cross-correlation investigations of proteins (Kadeřávek et al. 2015) . The β angles of Aib residues, with the average value of 14°, are generally smaller than those for classical amino acids (averaging 18°). However, a bigger data set of peptaibols would be needed to confirm if this is a systematic trend, as even in AmpA the β angle at Aib4 is larger than the one found at Leu15 (Table 2) . Interestingly, there is a considerable variation in the angle γ (describing the departure of the mid-shielded direction of the 15 N CST from orthogonality to the peptide plane), with its values ranging from close to zero to more than 50° in the case of Aib8. There are no longer fragments of AmpA with either lower or higher γ values, and the standard deviation of the averages is high for both Aib and the remaining sites (Tables 2 and  3 ). This and other completely site-specific effects are not taken into account in an analysis of the N amid -H amid dipolar and N amid chemical shift anisotropy crosscorrelated relaxation rates (Palmer 2004).
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